Given the increasing global demand for pulp, there is a need to look into the prospects of increasing fiber production and shortening the harvesting cycle of abaca without sacrificing the quality of fibers for pulp production. This study investigated the chemical and pulp properties of abaca cv. Inosa fibers harvested at different stages of stalk maturity to determine their suitability for pulp and paper production.
INTRODUCTION
Abaca (Musa textilis Nee) or Manila hemp in international trade, is indigenous to the Philippines and is one of the important export crops of the country. The Philippines is the abaca capital of the world supplying 85% of the total world abaca fiber requirement annually while the remaining 15% is supplied by Ecuador (FiDA,2009; Philexport, 2010) . The abaca industry continues to make a stronghold in both domestic and international markets generating an average of US$ 80M annually from 1996 -2000 (FiDA, 2010 . The total export earnings from abaca fibers and manufacturers reached US$ 104.5 million and US$ 132.05 million in , respectively (FiDA,2011 .
The abaca fiber is used in three major industries namely; cordage, pulp, as well as paper and fibercraft. The bulk of abaca fibers produced in the country is used as raw material for big pulp mills accounting for 70.2% of the total pulp consumption of an average of 36,917 metric tons from [2001] [2002] [2003] [2004] [2005] . The remaining 20.3% is used in the cordage industry and 9.5% in the fibercraft sector (FiDA, 2006; FAO, 2006) . The pulp sector consistently remained as the growth area of the abaca industry utilizing 71.5% of the local consumption in (Lantican, 2008 which significantly increased to 81.5% in 2008 and 87% in 2009 (FiDA, 2010 . In terms of export earnings from manufacturers for the last 10 years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , the pulp sector contributed an average of US$41.22M or 51.04% share followed by fibercraft with US$12.07M (14.94% share) and cordage with US$11.85M (14.69% share).
Abaca produces high quality fibers and paper sheets with acceptable strength-related properties, including breaking length, stretch and tear index, good yields and potential savings in capital equipment costs (Jimenez et al., 2005) . Pulp from abaca exhibits very high tensile strength, viscosity and porosity. These properties make it the preferred raw material for the production of dielectric, bank notes, vacuum bags, tea bags, and the full range of filtration papers, hospital textiles as well as various wet laid non-wovens. It is also used to produce various art, decorative and vellum papers (Bone and Jarman, 1980; Silvario, 1976; Leatham et al, 2000) .
'
The pulp sector is still the actively growing part of the abaca industry contributing 70 to 80% of the total income generated by the industry (Abamo et al., 2011) . Its export contribution grew largely because of the expanding demand for pulp. Despite the big contribution in the industry (export earnings and usage), very limited attention has been given to this very important sector in terms of research and policy interventions. To ensure the industry's continued stronghold in both the domestic and international markets, there is a need to raise productivity, specifically for pulp and paper.
To advance the utilization of the fiber, it is essential that fiber properties which provide for optimum performance in specialty paper manufacture be known. However, there has been very limited research on pulping characteristics, pulp yield and fiber quality of abaca. In fact, grading of abaca fibers for pulp and paper is still based on qualities used by the cordage industry such as tensile strength, color, texture, fiber length and cleaning despite the fact that more than 80% of fibers are consumed locally by the pulp sector (FiDA, 2010) . In 2008, 81.5% of the fibers produced was used for local pulp milling, which increased to 87% in 2009 (FiDA, 2010) . From 1995 to 2006, the export volume and value of abaca pulp performed better than abaca fiber as reflected by its robust growth at 6.74% and 5.5%, respectively (Lantican, 2008) . In the country industry forecast done by Oxford Economics (2011), the pulp and paper sector would be the top five fastest growing industries of the Philippines in the next five years (2011) (2012) (2013) (2014) (2015) with an average growth of 8.1%.
Considering the increasing demand for pulp, there is a need to look into the prospects of increasing fiber production without sacrificing the quality of fibers acceptable for pulp production. It is about time to look deeper into the aspects of fiber quality obtained from younger stalks and how this would fare when used as raw material for pulp and paper manufacture. Furthermore, information on the chemical characteristics, pulp yield and pulping properties of fibers give prospective end users a good idea on the possibilities and potential of the materials for pulp and paper production.
MATERIALS AND METHODS

Preparation of Fiber Samples for Chemical Analysis and Pulping
Abaca cv. Inosa at different stages of stalk maturity, namely; young (8-10 month-old), intermediate (12-14 month-old) and mature (18-24 month-old as indicated by flagleaf appearance) were harvested from Brgy. Catagbacan, Villaba, Leyte, Philippines. Fiber extraction was done using the spindle stripping machine with zero serration blade to produce S2 grade fibers. Four kilograms of fibers from each stage of stalk maturity were brought to the Fiber Processing and Utilization Laboratory (FTUD) of the Fiber Development Authority (FiDA), Visayas Avenue, Diliman, Quezon City, Philippines for chemical analysis and pulping using the standard procedure of the Technical Association of the Pulp and Paper Industry (TAPPI).
Fiber Chemical Properties and Solubility Determination
The moisture and ash contents, solubilities in acetone, hot water and 1% caustic soda (NaOH) of the fiber samples were determined following the American Standard Testing Method (ASTM). The Kurschner-Hoffer method was used for the analysis of cellulose while the standard method of TAPPI was used for the Klason lignin analysis.
Pulping and Pulp Properties Determination
ISO (International Organization for Standardization) and TAPPI methods for pulping and pulp quality determination were used. Soda pulping of abaca fibers (S2 grade) was performed under standard conditions (TAPPI 212 om-98) using 16% chemical charge (%NaOH) based on the dry weight of the fibers, at 4:1 liquor to fiber ratio, and with a cooking time of 1.5 hours from T to Tmax (time maximum) and 3 hours at 0 0
Tmax at 170 C. Pulping was done in a pressurized rotating digester with a cooking capacity of 3 to 3.5 kilograms dried fibers. The cold soda pulping process removes a small percentage of the lignin and hemi-celuloses from the raw materials but retains practically all of the alpha-celluloses (Villanueva et al., 1978) .
The
Analyses of intrinsic viscosity and Kappa number of the resulting pulp and the physical properties of the pulp handsheets were done at the Quality Control Laboratory of the Specialty Pulp Manufacturing Inc. (SPMI) located at Brgy. Hilapnitan, Baybay City, Leyte.
Preparation and Physical Testing of Pulp Handsheets
The pulp samples were subjected to beating process at different beating times (0, 5, 10, 15, 20 and 35 minutes) . Pulp handsheet preparation and conditioning were done in accordance with ISO 5269/2-1980 (E) and TAPPI 402 standard procedures, respectively.
Experimental Design and Analysis
Standard statistical package program (SPSS Statistics 7.0) was used to compute for the analysis of variance using Pearson Correlation (2 tailed). The statistical significance of the correlation was tested using LSD, 5%.
RESULTS AND DISCUSSION
Proximate Chemical Composition of Fibers
Analysis of the chemical composition of pulp serves not only to indicate whether it meets the customer's specifications but also presents to the papermaker a reliable basis for the processing of pulp into paper (Tadena and Villanueva, 1971) . A proximate chemical analysis of pulp separates and quantitatively determines percentages of ash, lignin, pentosans and alpha-cellulose components in a given pulp sample. The determination involves moisture and solubility in 1% caustic soda to give significant relationship with pulp quality.
No significant differences were observed in the chemical composition of the abaca fibers cv. Inosa in all the three different stages of stalk maturity (Table 1) . Percent moisture, ash, lignin, halocellulose, alpha-cellulose, and hemicellulose contents were comparable regardless of stage of maturity. Ash content of less than 1% is desirable for pulp and papermaking. It represents the non-volatile, non-combustible inorganic component of the fibers. Mean values in row with the same letters are not significantly different at p ≤ 0.05,LSD.
The amount of ash gives an indication of the quality of mineral matter present in the material. Higher ash content in natural fibers intended for papermaking is generally undesirable, especially if carbonates are present and the material is intended for the manufacture of dissolving pulp (Escolano, 1973) .
The lignin content of fibers was not significantly different in all stages of stalk maturity. Average lignin content in young stalks was 6.11%, intermediate stalk was 7.71% and mature stalk was 6.95%. Lignin is an amorphous, highly polymerized substance forming the middle lamella which cements the fibers together and giving them rigidity and strength. Result of lignin analysis is frequently taken to refer to residual organic compounds resistant to most micro-biological and chemical processes. Hence, from a pulp manufacturer's point of view, lignin is considered as an undesirable component because materials with high lignin content would require higher amount of pulping and bleaching chemicals (Abdul Khalil et al., 2006) compared to those with lower lignin content. Lignin and extractives directly influence alkali consumption, delignification results and industrial production potential (Fonseca et al., 1996) .
In general, the best balance of papermaking properties occurs when most of the lignin is removed from the fibers while retaining substantial amounts of hemicelluloses and higher amounts of alpha-celluloses. Pulps with high lignin content tend to break down rather than swell during beating. They also show poor inter-fiber bonding resulting in the production of sheets with low density and strength.
No significant differences were observed as to the holocellulose, alphacellulose and hemi-cellulose contents of the fibers harvested from stalks of abaca cv. Inosa at different stages of maturity. The holocellulose or the total carbohydrate content of fibers in young stalks was 93.88% while the intermediate and mature stalks had 91.89% and 95.09%, respectively. The holocellulose content in young stalks was even higher than the reported average value of 88.3% in S2 grade fibers (Escolano et al., 1971) .
The alpha-cellulose content of the fiber of young stalks was 70.01%, then 70.09% and 71.03% in the intermediate and mature stalks, respectively. The amount of alpha-cellulose did not significantly differ among the three stages of stalk maturity indicating that fibers from young abaca are already suitable for pulp and papermaking. The percentage of alpha-cellulose indicates the amount of cellulose in the pulp (Tadena and Villanueva, 1971) . High alpha-cellulose content is not only an index of purity but also of long molecular chains indicating that the pulp is not degraded by hydrolysis or oxidation. From a chemical composition point of view, plant materials with 34% and higher alpha cellulose content are characterized as promising for pulp and paper manufacture (Nieschlag et al., 1960) .
Among the different chemical characteristics of the fibers, the hemicellulose content is one of the most important from the papermaking point of view. The hemicellulose content of young Inosa stalk was 18.49% while the mature stalk was 19.72%. Pulps with moderate percentage (less than 20%) of hemicelluloses make it easier to beat that contributes to the bonding ability between fibers and produce strong sheets due to swelling effect (Lathrop, 1952; Tadena and Villanueva, 1971; Bisana et al., 1988; Browning, 1961) . Furthermore, hemi-celluloses act as an adhesive within the individual fiber itself, for internal cohesion of the cell wall as well as in inter-fiber bonding (Pande and Roy, 1998) . When softened and swollen, fibrillation results, producing paper of high physical-mechanical strength.
Chemical analysis showed that fibers from young stalks are already comparable to mature fibers indicating their suitability for the production of pulp and paper.
Significant differences however were observed in terms of solubility of the fibers in hot water and 1% NaOH. Solubility in the above two solvents was significantly higher in fibers from the mature stalks compared to those from the intermediate and younger stalks (Table 3) . Solubility in 1% NaOH determines the resistance of pulp to a solution of hot dilute alkali and also measures the degree of fungal decay. The percentage of the alkali-soluble material increases as the raw fibrous material decays or degrades (Morgan, 1931; Procter and Chow, 1973) .
The solubility of pulp indicates the extent of cellulose degradation during pulping and bleaching process and has been related to strength and other properties of the resulting pulp (Anderson, 1937) . TAPPI standard T212 m-54 claims that the bulk of the material dissolved by the dilute alkali solution consists of pentosans or hemi-celluloses and other carbohydrates less resistant to the action of dilute alkali solution than cellulose (Tadena and Villanueva, 1971) . The solubility in sodium hydroxide solution can give a preliminary indication of the content of non-cellulosic mass polysaccharides. Fibers from mature stalks were more soluble in 1% NaOH compared to those from the intermediate and young stalks, indicating higher expected pulp yield.
Pulping Properties and Pulp Yield
The total pulp yield or pulp recovery was 64.86% from the young stalks, 64.96% from the intermediate stalks and 65.79% from the mature stalks. Percent acceptable pulp recovery are 64.51%, 64.63% and 65.49%, for immature, intermediate and mature stalks, respectively. The pulp recovery of fibers from abaca cv. Inosa were higher in all the three stages of stalk maturity compared to that of both the Laylay and Linawaan cultivars (Table 2) . Laylay and Linawaan, both commercially grown cultivars in Eastern Visayas region, had total pulp recovery of 62.38% and 61.77%, with acceptable pulp yields of 62.23% and 61.66%, respectively.
The Kappa number and viscosity of Inosa, in all three stages of stalk maturity, were also higher compared to Laylay and Linawaan. (Table 2) The average Kappa number in Inosa was 7.4, 7.0 and 7.4 in young, intermediate and mature stalks, respectively, while in Laylay and Linawaan, the Kappa number was very low at 2.4 in both cultivars. The Kappa number gives an indication of the degree of bleachability of the resulting pulp. Kappa number below 10 means that there is no need to bleach the pulp or very minimal amount of bleaching is needed (www.paperonweb.com). The average viscosity of Inosa was recorded to be very high at 1281 mg/gm, 1297 mg/gm and 1344 mg/gm in young, intermediate and mature stalks, compared to Laylay and Linawaan with only 705 mg/gm and 702 mg/gm, respectively. This indicates that young stalks (8-10 months old) are already good materials for pulp and paper. According to Barba et al. (2002) , the viscosity of commercial grade abaca fiber ranged from 1064 to 1650 while in sisal it is 525 to 804 and 600 to 850 in jute. The intrinsic viscosity (Scandinavian) is an indirect measure of polymerization of cellulose chains in the fibers or the degree of cellulose degradation of fibers during the pulping process. Longer polymer chains means thicker solution and higher viscosity or longer flow time (www.ipst.gatech.edu). Additionally, viscosity values can be used to predict expected pulp yield of a given material (Garcia et al., 2011) . Hence, for industrial testing practice, viscosimetric methods like the standard flow method is quite satisfactory. Many pulp mills including the Specialty Pulp Manufacturing Inc. (SPMI) use the pulp viscosity test to predict pulp yield (personal comm.).
Physical Properties of Pulp Handsheets
A paper sheet made from virgin pulp which has not undergone mechanical treatment is characterized by low strength, bulkiness, surface roughness and is not suitable for papermaking (Bhardwaj et al., 2004) . These undesirable characteristics can be changed to a large extent by beating (Boyer et al., 2007; Bhardwaj et al., 2004) which consists of mechanical crushing and abrasion of fibers by contact with edges and faces of rapidly moving metal bars in the presence of water. Beating results to the further removal of the primary fiber walls and allows the fiber cells to hydrate or take up water and swell. Upon swelling, the fiber increases their flexibility and fiber-to-fiber bonding resulting to stronger pulp sheets. Beating or refining of pulps is an essential process of paper manufacture and is carried out to a greater or lesser degree in all paper and pulp mills.
The process of pulp and papermaking is quite complicated. A number of factors has to be considered like type of raw material to be used as well as the pulping, bleaching and beating conditions. In SPMI (personal 0 comm.), the standard optimum of freeness in pulping is 25 SR (Schopper Reigler freeness) which is attained approximately after 25-30 minutes of beating.
The shortening of fiber cells during beating helps improve sheet formation contributing to paper uniformity and smoothness, however, it causes a large reduction in tearing and folding resistance of the resulting paper, a proportional reduction in the bursting strength and small reduction in tensile strength (Mosello et al., 2010) . The fibers of immature stalks are softer compared to those of the mature stalks as shown by the 0 higher freeness value (14.50 SR) of the unbeaten pulp indicating that the pulp would tend to become degraded when subjected to further beating for 25-30 minutes. Pulp from fibers of immature stalks would only require shorter beating time compared to that of mature stalks to achieve the desired degree of fiber to fiber bonding without adversely reducing the quality of the resulting pulp product. Thus fibers from young stalks when mixed with fibers from the intermediate and mature stalks, would result to poor pulp quality due to pulp degradation which definitely would affect the overall quality of the resulting pulp handsheets.
Cellulose occurs in plant cell walls as microfibrils (2-20 nm diameter and 100-40,000 nm long) providing a linear and structurally strong framework (Akin, 2010) . These fibrils can be exposed by beating or refining and provide very large area for bonding. Overall, beating improves the bonding ability of the fibers during papermaking (Lumiainen, 2000) .
However, when the pulp is subjected to overbeating there would be disintegration of fibrils resulting to a decrease in tensile strength of the resulting pulp products. Cellulosic fibers in younger stalks are probably softer compared to those from the mature stalks resulting to early degradation of the pulp after 15 minutes of beating.
Pulp freeness measures the drainability of a pulp suspension and higher freeness values means slower draining pulp suspension. Freeness of unbeaten pulp in 8-10 months-old (young) abaca was higher than the 12-14 month-old (intermediate) and 18-24 month-old (mature) abaca (Table 3) . Unbeaten pulp with a freeness value of 19 is an indication that it is degraded and not acceptable for pulping (personal communication, SPMI). In young stalks, the pulp freeness value was 14.50, which means that the fibers are not yet degraded and already acceptable for pulping. Freeness value in young stalks was also significantly higher compared to intermediate and mature stalks. Higher freeness value obtained at 0 beating shows that defibrillation process has already started. This implies that the cellulose fibers are softer and could be easily degraded at increasing beating time.
Pulp freeness gives a measure of the rate at which a dilute suspension of pulp (3 gms of pulp in 1 L of water) may be drained. The freeness, or drainage rate, has been shown to be related to the surface conditions and swelling of the fibers. It is also widely used to follow the changes in drainage rate of various chemical pulps during beating and refining.
Brightness (reflectivity of light by paper) of pulp roughly correlates with whiteness and usually expressed in percent. The degree of brightness is an indicator of the bleaching formulation or amount of bleaching chemical to be used to attain the desired whiteness or brightness of the resulting pulp product to be produced. The higher the degree of brightness, the lower concentration or amount of bleaching chemical is needed to bleach the pulp.
Pulp from young stalks had 45% brightness, whereas pulp from intermediate and mature stalks had 46.4% and 44% brightness, respectively. This means pulp from young stalks already possesses the degree of brightness of pulp from mature stalks required in papermaking.
Air permeability or porosity of paper may be used as an indirect indicator of the degree of beating, absorbency, apparent specific gravity and filtering efficiency of liquids and gases. Air permeability is influenced by the internal structure and surface finish. Internal structure is controlled largely by the type and length of fibers, degree of hydration, orientation and composition of the fibers. There was a decrease in porosity of pulp handsheets in 8-10 month-old (young) stalks compared to the 12-14 month-old (intermediate) and 18-24 month-old (mature) stalks.
Soda pulp handsheets from Laylay and Linawaan cultivars were observed to have higher degree of brightness at 61.1% and 61.5%, respectively, compared to 'Inosa' with only 44% ( 
SUMMARY
Fibers from abaca cv. Inosa harvested at different stages of stalk maturity were analyzed as to their chemical composition and pulping properties to determine their suitability for pulp and paper manufacture.
Fibers of 8-10-month-old (young) abaca cv. Inosa already possess the desirable chemical properties of low lignin and ash content, high alphacellulose, holocellulose and hemicellulose contents. These qualities are already comparable with those of fibers from intermediate and mature stalks.
Abaca cv. Inosa proves to be the best abaca cultivar suited for pulp and paper at present. Its average pulp recovery was higher compared to 'Laylay' and 'Linawaan' regardless of the stage of stalk maturity. The total pulp yield from young stalks was 64.86% while the intermediate and mature stalks had 64.98% and 65.49%, respectively. These values are relatively higher compared to Laylay (62.23%) and Linawaan (61.66%). In addition, the Kappa number and viscosity of Inosa in all three stages of stalk maturity were also higher compared to Laylay and Linawaan.
The breaking length and tear index of fiber cells from immature stalks decreased at 15 minutes of beating whereas those from the intermediate and mature stalks, decreased at 20 minutes of beating. Fibers from young stalks are already acceptable for pulp and paper production but should not be mixed with fibers from intermediate and mature stalks, as its results to poor pulp quality and consequently, poor paper product.
CONCLUSION
Fibers from young stalks (8-10 month-old) are already suitable for pulp and paper production. Chemical composition of fibers obtained from 8-10 months old abaca were already comparable with those from mature stalks. Pulp quality is not affected by age of stalk. Pulp yield, kappa number, viscosity, tear index and breaking length of pulps from young stalks were already comparable with those of mature fibers and were even higher than those from the mature fibers of Linawaan and Laylay cultivars. This only proves the claim that Inosa is the best cultivar for pulp and paper at present.
RECOMMENDATIONS
The present standard for fiber grading and classification which is primarily based on the standard grades and quality required by the cordage industry needs to be looked into. Fiber length and tensile strength are two of the qualities used in the existing grading system. The acceptable length of marketable fibers is not less than 1 to 1.5 meters. However, in the pulping industry, fiber length is not a requirement since all fibers are being pulped regardless of length. The pulp sector is concerned more of the length and tensile strength of the ultimate fiber cells while the cordage and fibercraft sector is after of the fiber bundle. It is high time then for the industry to take a closer look into the specific needs of these different sectors as to their specific fiber requirements and consider the idea of providing a separate grading system for the pulp industry.
Since the harvesting of young stalks is not economically feasible, considering the low yield obtained from young stalks, it is recommended that this aspect be studied further. But during typhoons, when the young stalks are toppled down, it is advisable to strip the fibers. Although the resulting fibers from young stalks would be a grade lower than the mature stalks, it is still practical to utilize the fibers for paper and pulp making rather than leaving the stalks in the field to rot.
